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ABSTRACT
Fiddler crabs (Uca spp.) are important members of salt marsh communities 
worldwide. Various physical parameters affect the distribution and abundance 
of fiddler crabs. This study examined how hydrogen sulfide concentration 
affected crab distributions between two similar, and nearby, habitats on the 
Goodwin Islands, VA, USA. One area was characterized by high crab 
densities, a  high degree of tidal flushing, and relatively low H2S levels; the 
other site had low crab densities with low tidal flushing and relatively high H2S 
levels. Manipulations of crab densities were used to test crab adaptation to 
the high sulfide site. Crab burrowing dynamics and pore water H2S 
concentrations were related to crab survival in the high versus low H2S sites. 
Survival of crabs transplanted to the high H2S site was low. No change in 
H2S level was observed after fiddler crabs were added to the site with high 
H2S levels. High concentrations of hydrogen sulfide had a negative impact on 
the burrowing activity and survival of fiddler crabs and likely affected their 
distribution and abundance in estuarine ecosystems.
EFFECTS OF SEDIMENT CHARACTERISTICS ON THE DISTRIBUTION 
OF FIDDLER CRABS (Uca spp.) AT GOODWIN ISLAND, VIRGINIA
2INTRODUCTION
Salt m arshes are highly productive ecosystem s common to the 
estuaries of the United States East Coast. They serve as nursery grounds for 
numerous fish and invertebrate species (Clark et al 1977). Fiddler crabs (Uca 
spp.; Family Ocypodidae) are key organisms in salt marshes. They are 
abundant, reaching densities of 70-200 crabs/m2 (Montague 1980), and serve 
as important regulators of primary production (Spartina-tierived) and 
decomposition (bacteria and fungi) (Haines 1976 ab, Cammen et al. 1979). 
Fiddler crabs may consume up to a  third of the net production of an emergent 
marsh and may assimilate 10% of that amount (Cammen et al. 1979). They 
are also important food items in the diets of large predators; hence, they are 
an important link in the food web (Montague 1980). Fiddler crabs can affect 
community structure. Their burrows are filters for the deposition and retention 
of meiofauna and infauna; and the presence of crabs indicates a  greater 
diversity of marsh organisms (Hoffman et al. 1984, DePatra and Levin 1989).
Crab bioturbation (burrowing and feeding) of m arshes affects aeration, 
hence growth of marsh plants. (Bertness and Miller 1984). Bioturbation also 
affects the turnover, processing and diagenesis of nutrients and other
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chemicals in the sediments (e.g., the sulfur cycle: Gardner et al. 1988; the 
carbon cycle: Montague 1982, Taylor and Allanson 1993; energy flow: 
Cammen et al. 1979; other nutrients: Hoffman et al. 1984, Wolfrath 1992).
Crab burrowing activity appears to improve the metabolic processes in 
marsh sediments, presumably through improved oxygenation, drainage, and 
organic enrichment of the surface via nutrient and sediment turnover (Katz 
1980, Montague 1982, Bertness and Miller 1984, Genoni 1991, Wolfrath
1992). This burrowing activity also results in a significant transport of carbon 
and phosphorus from buried sediments back to the marsh surface (Everest 
and Davis 1979, Montague 1982). Cycling of nutrients is likely to be strongly 
affected by crab bioturbation, but little work has addressed the role of fiddler 
crab bioturbation on nutrient-related processes.
Several factors influence the distribution and density of the three 
species of fiddler crabs (Uca pugilator; U. pugnax and U. minax) on the 
eastern seaboard of the USA. These include sediment type and content, 
salinity (Teal 1958, Miller 1961, Jaramillo and Lunecke 1988), vegetation 
density (above and below-ground), tidal height (Ringold 1979, Kerwin 1971, 
Bertness 1985), distance from creek bank and interspecific competition (Teal 
1958, Bertness and Miller 1984).
One factor, hydrogen sulfide, may also impact fiddler crab distribution. 
H2S is toxic to all aerobic organisms. It interferes with cytochrome oxidase 
pathways. Relatively low doses of H2S (20 uM) produced an LT50 (time at 
which 50% of the test animals had died) in sand shrimp, Crangon crangon, in 
only one hour (Vismann 1996), but lethal doses for fiddler crabs are unknown.
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Hydrogen sulfide, a common subsurface component of all wetlands, 
is produced in anaerobic environments by sulfate-reducing bacteria 
(Pankhurst 1971). H2S is a highly soluble gas that is lost to the atmosphere.
In order for H2S to accumulate, conditions have to be favorable for its 
continual production (Postgate 1979), and such conditions are common in salt 
m arshes (Nedwell and Abram 1978). The below-ground decomposition of 
roots and rhizomes by bacteria using sulfate as an electron acceptor results 
in the characteristically high H2S concentrations observed in salt m arshes 
(Howarth and Giblin, 1983; King et al. 1982).
The highest sulfide concentrations are commonly found in the high 
marsh where below-ground production is high and sediment oxidation is low. 
Concentrations of H2S decrease towards the marsh edge. Gardner et al. 
(1988) found three factors affecting the spatial gradients in sulfide 
concentration. These were below-ground biomass, tidal inundation, and 
fiddler crab burrowing. Tidal flushing, sediment grain size, and primary 
production affect oxidation, which can impact H2S.
Plant growth affects oxidation depths; hence, in the spring and 
summer, increased plant growth leads to increased depth of oxidation 
(Armstrong 1979). The summer increase in soil oxidation results in the 
formation of thiols and sulfates (Lord and Church 1983). During these 
months, oxidized sediments may extend 15 cm deep and above this depth 
the rate of sulfide oxidation exceeds the rate of sulfide reduction. The soil 
below 15 cm is anaerobic and highly reduced. In the fall, the soil becomes
5
more reduced as a  result of the decomposition of plant material produced in 
the spring and summer.
H2S accumulation limits the distribution of marsh plants such as 
Salicornia spp. and Iva frutescens (Bertness et al. 1993, Ingold et al. 1984). 
Juncus roemerianus and Spartina alterniflora tolerate the water-logged soils 
which are favorable to H2S production (Bertness et al. 1993, Bradley and 
Dunn 1989).
High H2S levels affect the nitrogen-uptake kinetics of marsh plants, 
reducing primary productivity (Bradley and Morris 1990). Peezeshki (1993), 
and Osgood (1995) found that high sulfide combined with high salinity, 
conditions common in the high marsh, have a strong effect on production in 
marsh plants. Marsh plants respond to the stresses of high sediment H2S 
levels by increasing root-mat density and decreasing above-ground 
production. Studies with Spartina patens have shown a correlation in below- 
ground biomass and increasing hydrogen sulfide levels (Bandyopadhyay
1993). Propagule production declined in a  mangrove forest were burrowing 
grapsid crabs where removed and sulfide accumulated in the sediment (Smith 
and Boto 1991). Spartina maritima had a decrease in shoot density as soil 
levels of H2S increased (Sanchez 1997).
Roots can benefit crabs by stabilizing the sediment, and therefore, 
crab burrows. However, as stated above, when root mat density is too high it 
can inhibit crab burrowing
6
Objectives
The objective of this research was to determine whether high H2 S 
concentration affected the distribution and survival of Uca pugnax and U. 
minax. Little work has been done on the effects of sediment redox on fiddler 
crabs, but these crabs burrow directly into marsh sediments where H2S 
production can be high. Manipulations of crab densities were used to test 
whether crabs adapt to the high H2S site. H2S levels in pore waters were 
analyzed in relation to crab survival in sites with high versus low H2S 
concentrations. Crab addition and removal experiments were used to 
determine whether crab burrowing activity influenced H2S concentration. The 
effect of crab burrowing on primary production was assessed  by measuring 
the stem density of Spartina alterniflora.
H0: High levels of H2S production do not affect the distributions of 
fiddler crabs, U. pugnax, and U. minax. Other known factors dictate crab 
distribution.
Hi: High H2S levels negatively affect the distribution of fiddler crabs.
H2: A combination of H2S and other factors affects the distribution of 
fiddler crabs.
7METHODS 
Sample Sites
The study sites were located on the Goodwin Islands complex at the 
mouth of the York River (Virginia, USA). Two sample sites were used: one 
with a  high crab density and low sediment levels of H2S, and the other with a 
low crab density and high sediment levels of H2 S. These sites provided a 
useful comparison of the biotic and abiotic interactions between fiddler crabs 
and H2S. All sampling was done at low tide for better access to crabs, 
sediments and pore water.
Site A was located at the eastern end of the Goodwin Islands complex 
(Fig. 1). Crab densities were high at this site as determined by burrow counts 
(40 to 60 crab burrows per m2, quadrat sampling) and crab activity. Tall-form 
Spartina alterniflora was the dominant vegetation type in the low marsh, while 
the high marsh contained short-form Spartina alterniflora, S. patens, 
Baccharus hamilifolia, and Iva frutescens. Sediment cores indicated a sandy 
layer 20-30 cm deep, under the marsh peat layer. This sandy layer may 
improve tidal flushing of the sediment and account for higher sediment 
oxidation, and subsequently low H2S levels observed at this site.
Site B was in the middle of the Goodwin Islands complex (Fig. 1). It 
was characterized by low crab densities (0 to 10 crab burrows per m2). 
Shallow burrows in this site were formed primarily by small populations of 
Sesarma spp. (marsh crabs; F. Sesarmidae). Tall-form S. alterniflora 
dominated the low marsh, with short-form S. alterniflora and dense patches of 
Juncus roemerianus in the interior marsh. Sediment cores from this area 
lacked a  sandy layer under the marsh peat and the area exhibited low 
sediment oxidation. Sediment concentrations of H2S were high at this site 
and H2S odors frequently permeated the air.
Experimental design
Catwalks and Enclosure Construction
To reduce the impact of sampling, wooden catwalks were constructed 
parallel to each the sample site. Two large 3 m x 1 m enclosures were placed 
1 m apart next to the catwalk and 1.5 m from the marsh edge. Each 
enclosure was divided into three 1-m plots for replication (Fig. 2). Plastic 
screening and PVC stakes were used to construct these cages and plastic 
flashing was stapled to the top edges of the enclosures to prevent crabs from 
escaping. The bottom edge of each enclosure was buried to a  depth of about 
25 cm to keep crabs from escaping underneath. PVC stakes marking off 
three 1-m square areas delineated unadulterated controls adjacent to the 
enclosures.
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Pore Water Samples and Analysis of H2S
Pore water samplers were placed within each enclosure and control 
area. Samplers consisted of 7-mm diameter, thick-walled capillary tubing 
fitted with a pipette tip. Pipette tips with bored holes were filled with glass 
wool and glued onto the capillary tubing using silica gel (Figure 3). Three 
different lengths of tube were used to sample pore water in each 1-m square 
plot at depths of 10, 20 and 30 cm. One pore water sampler was placed at 
each depth within each enclosure. Pore water sam ples were inserted into the 
ground and a 3-cc syringe and needle were used to purge the sample wells of 
air. Samplers were allowed to equilibrate for two weeks before the first 
sample was drawn.
The first samples were taken in June, and weekly sampling began in 
July. Wells were purged of 1 ml pore water before each sample was taken. A 
5ml syringe was used to draw the 4.5 ml sample needed from each well. 
These samples were then injected into an oxygen-free 10-ml vacutainer tube 
and fixed with 0.5 ml fixative consisting of equal parts N,N-dimethyl-p- 
phenylenediamine and ferric chloride dissolved in an HCI solution. The 
resulting color change was used to determine H2S concentration. Samples 
fixed in this manner were stable for many months (Cline 1969). After being 
fixed, samples were transported to the laboratory and stored in a refrigerator 
for later analysis. Samples were then measured with a  spectrophotometer at 
670 nm and the absorbance used to calculate H2S concentration. 
Absorbance’s had to be kept below 1.000 in order for the test to be accurate 
(accommodate Biers Law). After some preliminary testing, dilutions were
10
done in the field by preloading the vacutainers with water degassed with 
nitrogen. A one tenth dilution was used keep sample absorbance below the 
required 1.000.
Crab Density Manipulations
A pitfall trap was placed inside of each enclosure. Traps consisted of 
a  25cm long by 6.35cm diameter PVC pipe fitted with a  screen on the bottom. 
At Site A, traps inside the three removal enclosures were left open to trap 
crabs while the traps in the other three ambient enclosures were fitted with 
fiberglass mesh to prevent crabs from entering. Traps fitted with fiberglass 
mesh served to eliminate any between site treatment differences caused by 
sediment disturbance from trap insertion. Traps were also added to each 
enclosure at Site B, but all were screened to prevent access. Traps were 
checked for crabs and cleaned every week. A record was kept of all crabs 
and crab parts found inside the traps. Crabs were also removed by hand at 
both sample sites. Burrows were counted inside each enclosure every week 
to a ssess  the effectiveness of the crab removal procedure. Table 1 shows 
the experimental plan used in crab density manipulations.
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Table 1. Experimental design for crab density manipulations.
Site Treatment Manipulation
A. Crabs, low H2S “No crabs”
(removal
enclosures)
Crabs removed
“Crabs”
(ambient
enclosures)
No change
Control No cage
B. No crabs, high H2S “Crabs”
(addition
enclosures)
Crabs added
“No crabs”
(ambient
enclosures)
No change
Control No cage
Crabs were captured by hand near Site A and placed in the addition 
enclosures at Site B. Fifty crabs were placed in each of the three addition 
enclosures. Crabs were measured, sexed, and identified to species before' 
being released into the enclosures. Every week burrows were counted and 
the enclosures were monitored for crab activity. Inter-site differences between 
burrow counts and other parameters were analyzed using ANOVA.
Grass Stem Densities
Spartina alterniflora stem density was counted within each enclosure 
and at control areas to determine if manipulating crab densities had an effect 
on primary production. Stems were counted at their bases. Only live green 
stem s were included in stem count.
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Burrow Casts
The depth of the burrows was measured by pouring fiberglass resin 
into randomly selected burrows at each site. These casts were excavated 
after the resin hardened. Various burrow dimensions (length, width at 
opening, diameter in middle, branching) were compared between sites using 
ANOVA.
Sediment Texture
Sediment cores were taken at each site prior to the start of sampling.
A transect was set 1.5 m from the marsh edge and three, 30 cm cores were 
taken randomly along the transect at each site by hammering the core into 
the sediment. Sediment compaction rate was determined by measuring the 
difference between sediment level in the core and the ground surface 
surrounding the core. These cores were then sliced at 5 cm intervals, placed 
in bags, labeled and frozen for later analysis. For sediment comparison, 30g 
of sample was wet sieved through different pore sizes (2 mm, 250 pm, 63 pm) 
with larger particles separated from sand and silt and clay. The contents of 
each sieve were then oven dried at 105° to a constant weigh. The 
percentage of clay and silt were determined by combining the supernatant 
from the sieving with a 10% calgon solution and placing the contents in a 
sonic bath for 10 minutes. This solution was then added to a  1000 ml 
graduated cylinder and pipetted at 10 cm and 20 cm depth at time intervals 
based on silt and clay settling velocities (Folk 1980). All samples were oven 
dried to a constant weight. The percentage of organic matter was determined 
by oven drying 30 g of the wet sample to a constant weight and then
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combusting the samples in a  muffle furnace at 550 °C for five hours. The 
percentage organic matter was calculated using the equation:
Percentage organic matter = ((dry weight -  combusted weight)/(dry 
weight))* 100
Ground Water Fluctuations
The water table fluctuations with tidal movement were measured using 
"RDS WL 40" (Remote Data Systems Water Levels 40 inch) wells. These 
instruments were placed on top of wells at each site. Wells consisted of PVC 
pipes fitted with .01 slot well screen on the bottom. Holes were cored into the 
ground at each site to a depth of about 90 cm. Wells were inserted into the 
holes, and the base of each well was packed with beach sand and then a 
layer of clay pellets. The above ground portion of each PVC pipe was 
measured along with a  calibration point on each RDS WL 40. Every 15 
minutes the water depth was recorded as inches below the calibration point. 
Sampling began on a new moon in mid December 2001, at low tide, when 
tidal fluctuations were at their greatest. Ground water levels from three tidal 
periods were recorded by these instruments and later downloaded using a 
Hewlett Packard 48 G. These data were used to estimate the amount of 
sediment drainage at each site.
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RESULTS
Burrows
Site A contained significantly more burrows than Site B (ANOVA, 
p<0.0001) at the start of this study. An average of 77.2 ± 21.2 (sd) burrows 
m2 were observed at Site A during the first week of sampling. Site B 
contained an average of 10.0 ± 3.6 burrows when sampling began (Fig. 4).
Crab removal at Site A began on the 4th week of sampling and 
continued until the experiment was terminated after week 10. An average of
43.5 crabs were gradually removed during the seven week period of crab 
removal. An increase in crab density was noticed in each enclosure of Site A 
except the crab removal enclosures, and control enclosures had a significant 
increase in burrow density (p=0.032). In the 3 weeks prior to crab addition, 
average burrow densities in control enclosures was 59.7 ± 17.7 and for the 7 
weeks that followed, burrow densities increased to 70.4 ± 22.7. Ambient 
enclosures showed a similar significant increase (p=0.0001) from 70.4 ± 17.0 
to 85.1 ± 15.7 burrows m'2 during the experiment. The removal enclosures 
had no significant change in crab density after the removal process began
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(p=0.58). Mean burrow densities decreased slightly from 72.2 ±8.1 to 70.5 
± 14.4 in the weeks following crab removal (Fig. 5).
Crabs were added to the crab addition enclosures on week 6. Fiddler 
crabs were caught by hand at Site A and transplanted to Site B. Most of the 
crabs transplanted were males. Of the 50 crabs added to each enclosure, 
24% were female. This biased sex ratio probably occurred because males 
were easier to see  and capture due to their enlarged chelae. The majority of 
the transplanted crabs were also mature, most likely reflecting a  bias to 
individuals that were larger and thus easier to see. Four crabs were Uca 
minax, and 146 were U. pugnax. Average carapace length measured from 
front to back was 10.47 mm (Appendix I). There was a  significant increase in 
burrow density over time in all of the enclosures, with a  significant increase 
occurring on week six (Fig. 6). Burrow density increased in control 
enclosures (ANOVA, p< 0.0001) from 9.44 ± 7.46 prior to crab addition to
23.5 ± 7.4 in the weeks following crab addition. Ambient enclosures reflected 
the sam e increase in burrow density (ANOVA, p=0.0001) from 12.9 to 24.2.
In the weeks before crabs were added to the addition enclosures, there were
12.5 ± 5.4 fiddler crabs per enclosure. The weeks that followed crab addition 
had average burrow counts of 40.0 ± 6.4, and in the final week, 33.3 burrows 
were counted. The addition enclosures had an increase in crab density 
during week 7 after the addition of crabs. This increase was followed by a 
decrease in weeks 8, 9, and 10.
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Burrow density varied significantly over the course of the 
experiment. At Site A control and removal enclosures were both significantly 
different from ambient enclosures (ANOVA, p<0.05), but control and removal 
did not differ significantly (p>0.05). At Site B, burrow densities in the ambient 
and control enclosures did not differ, but they were significantly lower than 
those in the addition enclosures (p<0.001).
Nine complete burrow casts were recovered from Site A and six from 
Site B (Table 2). Most casts contained the characteristic L shaped described 
by Katz (1980). Burrow casts differed significantly in length and neck 
circumference but not in the circumference of the middle portion of the cast 
(Table 2). Two of the six casts from Site B had a  side branch indicating co­
residence with Sesarma spp., while none of the Site A casts had this feature. 
Grass Stem Density
During the first week of sampling, Site A contained significantly more 
grass stem s per meter squared than Site B (ANOVA, p=0.001) (Fig. 7). The 
mean grass density at Site A was 91.1 ± 22.3 stems rrf2. At Site B, the mean 
stem density was 76.0 ± 6.3 stems m’2 at the beginning of the sampling 
period.
In the control enclosures at Site A, the stem densities were significantly 
lower after week 3 (crab removal) (ANOVA, p=0.0010) (Fig. 8). Mean stem 
density in control enclosures in the 3 weeks prior to crab removal in removal 
enclosures was 73.7 ± 8.1. In the weeks following crab removal, stem density 
increased to 89.1 ± 22.8 stems m'2.
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Stem density showed no significant increase over time in ambient 
enclosures in Site A (p=0.60). Average grass counts were higher at the start 
of this experiment than in controls or removal enclosures (104.4 m'2 ± 20.1). 
During the weeks following crab addition, grass stem densities were 102.7 ± 
11.1 (Fig. 8).
Removal enclosures also had no significant change in stem density 
with time (p=0.33). In the weeks prior to crab removal 91.1 ± 16.9 stems m’2 
were present in the removal enclosures. In the weeks following crab removal, 
grass density dropped slightly to 87.1 ± 17.7 stems rrf2 (Fig. 8).
All treatments at Site B had a significant decrease in grass stem 
density in the weeks after crab addition except for the addition enclosures. 
Stem density decreased in the control enclosures from 75.0 ± 12.0 stems m'2 
to 56.0 ± 3.0 stems m'2 (p=0.0001). In the ambient treatment, grass density 
decreased from 74.8 ± 9.9 to 60.8 ± 10.4 (p=0.0001). The addition 
enclosures had a mean stem density of 71.8 ± 9.5 prior to crab addition to 
69.0 ± 5.7 in the weeks after (p=0.1172) (Fig. 9).
Sulfide
Hydrogen sulfide levels varied significantly between sites A and B for 
all depths measured at this study’s inception (Fig. 10). At 10 cm depth, Site A 
had a H2 S level of 37.2 ± 15.9 ppm, and Site B had a sulfide level of 79.4 ± 
16.7 ppm. (p= 0.0001). Site A had an average sulfide reading of 41.5ppm at 
20 cm depth, while Site B measured 81.3 ppm (p=0.0001). At 30 cm, Site A 
had a sulfide reading of 46.0 ±18.8 ppm, and Site B was 74.4 ± 21.3 ppm.
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While there were clearly differences between sites, there were no 
significant differences in sulfide level with depth was found at either site at the 
start of this experiment (p= 0.8959 at A versus p= 0.3243 at B) (Fig. 10).
Repeated m easures ANOVA was used to compare weekly changes in 
hydrogen sulfide level for the different treatments. No significant differences 
were found for any of the treatments for all depths within each treatment over 
the seven week period of crab removal (p>0.05) (Fig. 11, 12, 13). The sam e 
tests were used to compare the H2S levels at Site B following the four weeks 
after crab addition. No significant change occurred in any of the treatments at 
Site B (p>0.05) (fig. 14, 15, 16). Comparisons of depth over time yielded no 
significance difference in sulfide level with depth for any treatment at either 
site. Sediment H2S did not differ significantly for any of the treatments at 
either study site from the beginning to the end of the experiment.
Sediment Core Data
Sediment compaction at Site A averaged 3.2 cm (10% compaction) 
and six 5cm sections were taken from each core. Cores revealed a  sandy 
layer 20-30 cm below the marsh surface. Sediments at 25-30 cm depths 
contained an average of 66% fine sand and 20% coarse sand and differed 
significantly (ANOVA, p<0.0001) from the percentage of sand at all other 
depths. Cores in the 20-25 cm depth contained 35% fine sand and 18% 
coarse sand and also differed from sand content of the above marsh layers 
(Fig. 17). Sediment cores did not differ significantly with depth for sediments 
greater than 2 mm, silt, or clay at Site A.
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At Site B sediment cores had a mean compaction of 5.4 cm (18% 
compaction) and were only long enough for 5 sections to be taken in all but 
one core. Percentage fine sand varied with depth, decreasing slightly at 0-5 
cm, 15-20 cm, and 25-30 cm (ANOVA, p=0.0165). No other sediment 
components differed with depth at Site B (Fig. 18).
Sites A and B differed significantly in their sediment composition. Site 
A contained more particles greater than 2 mm diameter (mostly marsh peat 
and shell fragments) (ANOVA, p<0.0001). Site A also contained more coarse 
sand (p=0.0012) and fine sand (p=0.0027). A larger percent of clay was 
measured at Site B than Site A (p=<0. 0001). Sediment silt content did not 
differ significantly between sites (Figure17, and 18).
The percentage organic matter was higher at in the top 5cm of 
sediment at Site B (26% sediment dry weight) than Site A (12%). Increases 
in percentage organic matter occurred at both sites at 5-10 cm depth. This 
increase was followed by a  gradual decrease with depth at Site A. Site B 
however had a decrease in % organic matter at 10-15 cm depth, followed by 
a  gradual increase (Fig. 19)
Tidally Induced Fluctuations in Ground Water Level
Water levels at both sites were monitored over 3 complete tidal cycles. 
Fluctuations in ground water with tidal stage can be seen in Fig. 20. These 
oscillations indicated that sediment drainage is greater at Site A than it is at 
Site B. Site A drained as much as 5 cm lower than Site B at low tide.
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DISCUSSION
Burrowing and H2S
From this study it can be concluded that sediment characteristcs that 
impact H2S can negatively affect the distribution and abundance of fiddler 
crabs. Data from burrow counts data shows a definite preference by the 
crabs, for the site with lower sediment H2S and higher sand content. The 
transplantation study showed that crabs in highly reduced environments do 
not thrive. Burrow structure may also be affected by soils with high H2S as 
indicated by the shallow, smaller circumference burrow cast recovered from 
Site B.
Crab removal was unsuccessful at reducing crab densities at Site A 
however, burrow density increased over time in ambient and control 
enclosures. This may have been due to larval settling throughout the sample 
period. O’Connor (1993) showed that Uca spawn through the summer, and 
megalopae settle throughout this period. Newly settled crabs could be small 
enough to enter the mesh of the enclosures, and that may account for the 
increase in burrow density that occurred in the ambient enclosure as the 
study progressed. The close proximity of the study site to the marsh edge 
could also increase the chance of larval settling. In the removal enclosures,
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continual crab removal may have offset crab addition caused by larval 
settlement; therefore, density remained the sam e in removal enclosures while 
it increased in control and ambient enclosures.
Low burrow densities were encountered at Site B. An unexplained 
increase occurred at week six, just before crabs were added to the addition 
enclosures. This increase may have been due to a large settling event as 
there was a uniform increase in all treatments prior to crab addition. The 
sam e trend was not observed at Site A. There were few burrows observed at 
Site B and there were very few sightings of active fiddler crabs. The burrows 
may have been caused by marsh crabs (Sesarma spp.); their presence was 
evident by branching burrow caste recovered from Site B and also by 
observations of Sesarma on the marsh surface.
By week 7, just after the crab addition, there was a sharp increase in 
the number of burrows in the addition enclosures at the low crab density site 
(B). Thus, many of the crabs added to this site survived long enough to 
burrow. However, burrow densities gradually decreased in the months that 
followed. It is unlikely that crabs were escaping from the enclosures. 
Enclosures were buried to depth of over 25 cm and the tops of the enclosures 
were lined with flashing. At various times throughout the experiment crabs 
were observed trying to climb the walls of the enclosure but were unable to 
climb over the flashing. Over the weeks that followed, a  gradual decrease in 
burrow density occurred in the addition enclosures while burrow density 
remained relatively constant in control and ambient treatments. No dead or 
morbid crabs were ever observed in any enclosure; therefore if mortality
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occurred, it happened inside the burrows or via predation. The main 
indicators of a reduction in crab number were a decrease in the number of 
maintained burrows, and a lack of crab activity on the surface.
Other Factors that Affect Crab Distribution
Teal (1958) found that sediment type can greatly affect the distribution 
of fiddler crabs. He found that percentage of sand in the sediment was the 
characteristic that most influenced crab distribution. In aquarium 
experiments, Ucapugnax and minax preferred a  muddy substrate, while Uca 
pugilator chose a sandy substrate. For the sites used in this study, most of 
the sand occurred at a  depth of 25 cm at Site A. Slight differences in 
percentage of sand in the surface sediment between the two sites did not 
appear to affect the species distributions. U. pugilator was not observed at 
either site at any time during this study.
Root mat density is known to affect the distribution of certain fiddler 
crab species. Bertness (1985) in field studies found that there was an optimal 
root mat density for burrowing activity of U. pugnax. A high root mat density 
inhibits burrowing, and a low density does not provide the burrows with 
enough sediment structure to be maintained. Uca minax is not known to be 
affected by changes in root mat density (Ringold 1979, Bertness 1985). 
Greater compaction rates observed in sediment cores from Site B may 
indicate a  greater root mat density at this site. However crabs added to this 
site did initially burrow into the substrate and therefore root mat apparently 
was not high enough to be a factor leading to low crab densities.
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Distance from the water’s edge can also affect burrow densities.
Burrow densities are higher in the low marsh (characterized by tall form 
Spartina alterniflora) than in the low marsh (characterized by low form S. 
alterniflora) (Teal 1958, Bertness and Miller 1984). Bertness and Miller 
(1984) attributed this trend in population density to increasing root mat density 
found in the high marsh. In this study, all sampling occurred 1.5 meters from 
the marsh edge, which eliminated proximity to marsh edge as a population- 
controlling factor.
Species composition can impact burrowing rates. Aspey (1978) found 
that areas inhabited by both Uca pugilator and Uca pugnax had a higher rate 
of burrowing than areas only inhabited by one species. Uca minax has also 
been observed preying on U. pugnax and pugilator in areas of species 
overlap (Pratt et al. 2002). However only 4 out of 150 crabs captured at Site 
A were U. minax. At Site B, no U. minax were observed in the sample area at 
any time during the study. Interspecies interaction, therefore, may not be a 
major contributor to the observed patterns in crab distribution in this study.
Bertness and Miller (1984) found that female U. pugnax burrow more 
frequently than males, and juvenile males dig new burrows more often than 
adult males. The enlarged chelae of adult males apparently inhibit their ability 
to burrow. As a result, these large males use their size to displace smaller 
crabs from burrows. Female fiddler crabs also forage more than adult male 
fiddler crabs and therefore cause more bioturbation than males. The majority 
of crabs added to the addition enclosures at Site B were adult males. The 
initial high burrowing rates observed at Site B the week after the crab
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additions suggest that the handicap possessed by large males did not 
affect on their ability to burrow.
Burrow Cast
Burrow casts at both locations were shorter than casts taken in Rhode 
Island by Bertness (1985) at both locations, possibly due to the close 
proximity of the marsh edge and water table. Site B did, however, have 
shorter burrows than Site A. Anoxic conditions at Site B may have 
discouraged deeper burrowing. The burrows at Site B had a smaller neck 
diameter. This may reflect the small size of crabs observed at Site B.
Perhaps the energy demands for living at this less-than-optimal site led to 
poor development and maintenance of burrows. Low burrow densities at Site 
B may also reflect crabs settling and migrating away from the site.
H2S
Sulfate reduction in the salt marsh typically occurs at depths below 10 
cm and may account for sulfide levels not changing with depth at either of the 
sample sites (Lord and Church 1983). All samples for this study were taken 
at a  depth of 10 cm or greater. This study did not find a  significant effect of 
crab burrowing on sulfide levels. Both study sites were located on the marsh 
edge approximately 1.5 meter from the edge. Therefore, position near the 
marsh edge was not a factor (King et al 1982). Sediments at Site B had a 
greater organic content than Site A. Sediment redox and the accumulation of 
organic matter are two highly interrelated factors in salt marsh sediments. 
Organic matter decomposition can lead to an increase in H2S production 
(Bertness 1985). Areas with a low sediment redox tend to accumulate
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organic matter primarily because microbes cannot break down organics as 
readily when using electron acceptors other than oxygen. Increased rates of 
water movement through the sediment at Site A as indicated by the ground 
water data most likely contributed to the H2S differences between the sites. 
This is supported by a study that showed that as the rate of water movement 
decreased with increasing distance from the marsh edge, the H2S level and 
percent organic matter increased (King et al 1982).
Grass Density
The higher metabolic cost associated with the stresses of living in an 
anoxic environment may explain the differences in S. alterniflora stem density 
observed between sites A and B. Tidal flushing at Site A may have increased 
nutrient flux to plant roots, enhancing above ground stem production there. 
Studies have shown that Spartina in areas of high tidal flushing have 
increased above-ground production and a higher flowering rate (Bertness 
1985). Poor flushing with higher H2S production at site B could account the 
lower above ground S. alterniflora production there.
Other studies have shown that fiddler crab removal can negatively 
impact above-ground production. Studies conducted by Bertness (1985) 
tested the effects of crab removal over several growing seasons. The time 
frame of the present study was too short to determine clear trends in primary 
production due to crab removal or addition. It is not clear what may have 
caused the differences between treatments seen at Site A. Only the control 
treatment had an increase in grass density with time. It is possible that 
shading from the mesh of the enclosure itself affected stem density in
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ambient and removal enclosures at Site A. Odum (1960) found that 
shading from interspecies competition caused only the most fit stems to 
survive and as a  result, stem density decreased over the growing season.
Site B showed a decrease in grass density in control and ambient 
enclosures but not in addition enclosures. Grass in the addition enclosures 
was not affected by the factors that led to a decrease in the control and 
ambient enclosures. Since no changes in H2S were observed after crab 
addition, it is not likely that sediment oxidation was the cause. Increased crab 
burrowing after addition may have increased nutrient turnover in the addition 
enclosures. This observation is supported by studies done by Smith et al 
(1991) in mangrove forest. When burrowing crabs were removed from 
enclosures containing mangroves, above-ground production decreased while 
below-ground production increased. This trend was attributed to reduced 
nutrient cycling in removal enclosures. Other salt marsh studies have shown 
that crab burrows enhance the rate of water flow through the sediment and 
therefore increase the transport of nutrients to plant roots (Everest and Davis 
1979).
Sediment Characteristics
Sediment core data shows a relatively uniform mixture of sand, silt, 
clay, and organics with depth at Site B and a much more dynamic depth 
profile at Site A. The sandy layer, that occurred at depths greater that 20 cm 
at Site A, could enhance sediment drainage. Tidally induced fluctuations of 
ground water levels at the two sites are an indication of sediment drainage. 
Several inter-related factors can impact sediment drainage. Porosity, defined
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as the percent of soil that is void of material, can be affected by sediment 
type (Fetter 1980, p61). Sand typically has a porosity of 25-50%, silt 35-50% 
and clay 33-60% (Fetter 1980, p64). Site B had a  very high silt-clay content 
(89-81%) and, therefore, would have a higher porosity, due to a  large number 
of small interstitial spaces. Site A had a  high sand content, particularly in the 
deeper sediment and a  lower fine sediment content. Site B also had a higher 
percent of organic matter in the sediment, which can also increase porosity 
(Fetter 1980, p63).
Capillary fringe, which is related to sediment porosity, is a  soil property 
that can impact water movement through the sediment. Capillary fringe 
represents the saturated soil above a water table and is the result of the 
upward attraction of water in soil due to surface tension and the attraction of 
water to sediment particles (Fetter 1980, p79). Clay can have a  high capillary 
fringe (3m) do to small size of clay particles and, thus, smaller sediment pore 
spaces. Silt has a lower capillary fringe than clay, up to 1.5 m. Sand 
generally has a very low capillary fringe, 3 cm for coarse sand, and 7.7 cm for 
fine sand (Fetter 1980, p80). The fine sediments at site B would, therefore, 
be expected to have a higher capillary fringe than the more sandy soils at site 
A. This is important because the effect of capillary fringe can decrease tidally 
induced fluctuations in soil saturation at site B, thereby these sediments stay 
saturated and as a result oxygen exchange is reduced. This promotes anoxic 
soil conditions that can lead to H2S build up at Site B.
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SUMMARY
Sediment characters differed between the two sample sites resulting in 
differences in sediment drainage. These differences in water flow rate result 
in differences in soil oxidation that result in a build up of the toxic gas H2 S. 
Hydrogen sulfide stresses marsh plants and the results of that stress can be 
seen in the lower above-ground production rates of Spartina alterniflora 
observed at the high H2S site. Fiddler crab burrow densities are also much 
lower at site B than the more oxidized site A.
In this study, crab addition at the high H2S site and crab removal at the 
lower H2S site were unable to impact H2S levels. However crab survival and 
burrowing behavior were both impacted by the high H2S level. The number of 
maintained burrows decreased with time in crab addition enclosures at Site B. 
Fiddler crab burrows were also significantly smaller at this site. Also a lack of 
crab activity at site B suggests that the crabs were not thriving in this habitat.
Grass stem density was lower at site B, evidence of the high metabolic 
toll that anoxic soils can have on plants. At site A the only change that 
occurred in stem density happened in control enclosures, indicating that there 
may have been some shading affect. Site B on the other hand had a
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decrease in grass stems at all but the addition enclosures. This may reflect 
the nutrient recycling ability of crab rather than oxidizing of the sediment.
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Figure 1. Study sites at the Goodwin Island complex.
Figure 2. Diagram o f  Sampling design.
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Figure 3. Diagram of pore water samplers
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Figure 4. Burrow density for sites A and B prior to the start of this study.
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Figure 5. Burrow density at Site A over time. 
Means +/-1 standard error.
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Figure 6. Burrow density at Site B over time. 
Mean +/-1 standard error.
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Figure 7. Stem density of Spartina alterniflora for sites A and B 
prior to the start of this study. Mean +/ -1 standard error.
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Figure 8. Grass density at Site A over time. 
Means +/ -1 standard error.
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Figure 9. Grass density at Site B over time.
Mean +/-1 standard error.
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Figure 10. Hydrogen sulfide levels at Sites A and B prior to 
the start of the sam pling period. M ean + /-1  standard error.
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Figure 11. H2S level at 10 cm depth at Site A over time.
Means +/-1 standard error.
41
120
100
E
Q .Q.
C
CO
CM
I
10
a m b ie n t
c o n tro l
re m o v a l
week
Figure 12. H2S level at 20 cm depth at Site A over time.
Means +/ -1 standard error.
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Figure 13. H2S levels at 30 cm depth at Site A.
Means +/-1 standard error.
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Figure 14. H2S level at 10 cm depth at Site B.
Mean +/-1 standard error.
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Figure 15. H2S level at 20 cm depth at Site B.
Mean +/-1 standard error.
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Figure 16. H2S levels at 30 cm depth at Site B.
Mean +/ -1 standard error.
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Figure 17. Sediment composition with depth at Site A.
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Figure 19. Organic matter sediment profiles for Sites A and B.
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Sites A and B in mid December 2001.
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Table 2
Burrow cast dimensions for sites A and B.
cast site length neck burrow middle burrow
(cm) circumference circumference (cm)
1 A 22.7
(cm)
17.1 12.9
2 A 12.5 8.4 8.3
3 A 21.0 13.6 10.5
4 A 18.6 10.7 7.0
5 A 18.9 10.5 8.4
6 A 17.6 13.2 10.1
7 A 13.4 8.7 8.4
8 A 18.0 18.3 12.8
9 A 14.6 6.9 5.2
10 B 8.9 5.5 5.1
11 B 7.7 5.0 5.5
12 B 10.0 5.6 9.0
13 B 7.4 7.0 8.0
14 B 7.5 5.9 9.1
15 B 6.0 5.0 6.8
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Appendix I
Sex, carapace width and species of crabs transplanted into addition enclosures, 
enclosure sex carapace width(mm) species
3 F 19.0 minax
3 M 10.0 pugnax
3 F 12.0 pugnax
3 M 10.0 pugnax
3 M 12.0 pugnax
3 M 11.0 pugnax
3 M 10.0 pugnax
3 M 11.0 pugnax
3 M 10.0 pugnax
3 M 12.0 pugnax
3 M 10.0 pugnax
3 M 12.0 pugnax
3 M 11.0 pugnax
3 F 10.0 pugnax
3 F 9.0 pugnax
3 M 12.0 pugnax
3 M 10.5 pugnax
3 M 9.0 pugnax
3 F 10.0 pugnax
3 M 10.0 pugnax
3 M 11.0 pugnax
3 M 9.0 pugnax
3 M 11.5 pugnax
3 M 12.0 pugnax
3 M 10.5 pugnax
3 M 9.0 pugnax
3 M 5.5 pugnax
3 F 8.0 pugnax
3 M 12.5 pugnax
3 M 8.0 pugnax
3 M 10.0 pugnax
3 M 9.5 pugnax
3 M 10.5 pugnax
3 F 12.0 minax
3 M 12.0 pugnax
3 M 12.0 pugnax
3 M 10.0 pugnax
3 M 10.0 pugnax
3
3
3
3
3
3
3
3
3
3
3
3
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
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12.0 pugnax
13.0 pugnax
11.0 pugnax
10.0 pugnax
9.5 pugnax
12.0 pugnax
12.0 minax
8.0 pugnax
4.0 pugnax
9.5 pugnax
10.0 pugnax
11.0 pugnax
11.0 pugnax
9.0 pugnax
13.0 pugnax
10.5 pugnax
9.0 pugnax
11.0 pugnax
12.0 pugnax
10.0 pugnax
19.0 minax
7.0 pugnax
9.5 pugnax
10.5 pugnax
12.0 pugnax
11.5 pugnax
11.0 pugnax
12.0 pugnax
9.5 pugnax
12.5 pugnax
11.0 pugnax
13.0 pugnax
8.0 pugnax
12.0 pugnax
12.0 pugnax
16.5 pugnax
12.0 pugnax
8.0 pugnax
10.0 pugnax
10.0 pugnax
11.0 pugnax
10.0 pugnax
13.0 pugnax
9.0 pugnax
8.0 pugnax
9.0 pugnax
7.0 pugnax
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
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8.0 pugnax
11.0 pugnax
12.0 pugnax
9.0 pugnax
10.5 pugnax
14.0 pugnax
13.0 pugnax
11.5 pugnax
11.0 pugnax
12.0 pugnax
12.0 pugnax
12.0 pugnax
12.0 pugnax
10.5 pugnax
10.0 pugnax
12.0 pugnax
12.0 pugnax
10.0 pugnax
12.0 pugnax
11.0 pugnax
7.0 pugnax
11.5 pugnax
12.0 pugnax
12.0 pugnax
13.0 pugnax
8.5 pugnax
11.5 pugnax
9.0 pugnax
12.0 pugnax
13.0 pugnax
10.5 pugnax
11.0 pugnax
11.0 pugnax
8.0 pugnax
8.0 pugnax
6.0 pugnax
11.5 pugnax
11.0 pugnax
12.5 pugnax
10.0 pugnax
10.5 pugnax
11.0 pugnax
12.0 pugnax
12.0 pugnax
12.0 pugnax
9.0 pugnax
10.5 pugnax
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
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10.0 pugnax
10.0 pugnax
8.5 pugnax
6.0 pugnax
8.5 pugnax
8.5 pugnax
10.0 pugnax
9.0 pugnax
7.0 pugnax
8.0 pugnax
8.5 pugnax
8.0 pugnax
5.0 pugnax
8.0 pugnax
9.0 pugnax
10.0 pugnax
10.0 pugnax
10.0 pugnax
55
Literature Cited
Adams, D. A. 1963. Factors influencing vascular plant zonation in a North 
Carolina salt marsh. Marine Chemistry 23: 295-309.
Armstrong, W. 1979. Aeration in higher plants. Advances in Botanical 
Research 7: 225-232.
Bandyopadhyay, B.K., Pezeshki, S.R., DeLaune, R.D., Lindau, C.W. 1993. 
Influence of soil oxidation-reduction potential and salinity on nutrition, N-15 uptake, 
and growth o f Spartina patens . Wetlands 13(1): 10-15
Bertness, M. D. 1985. Fiddler crab regulation of Spartina altemiflora 
production in a New England salt marsh. Ecology 66(3): 1042-1055.
Bertness, M. D. and Hacker, S. D. 1993. Physical stress and positive associations 
among marsh plants. The American Naturalist 144 (3):363-372
Bertness, M. D., Millier, T. 1984. The distribution and dynamics of Uca pugnax 
(Smith) burrows in a New England salt marsh. Journal of Experimental Marine 
Biology and Ecology 83: 211-237.
Braddley, P. M. and Dunn, E. L. 1989. Effects of sulphide on the growth of three 
marsh halophytes of the Southeaster U. S. American Journal of Botany 76:1707- 
1713.
Bradley, P. M. and Morris, J. T. 1990. The influence of oxygen and sulphide 
concentration on the nitrogen uptake kinetics in Spartina altemiflora. Ecology 71: 
282-287.
Cammen L. M., Seneca, E. D. and Shoud, L. M. 1979. Energy flow through the 
fiddler crab Uca pugnax and U. minax and the marsh periwenkle Littorinina irrorata 
in a North Carolina Salt Marsh. American Midland Naturalist 103:238-250.
Clark, J. R., Gilbert, S., and Maclain, B., Turner, R., and Warner, L. 1977. Barrier 
Islands workshop and conservation found 237
Cline, J. D. 1969. Spectrophotometric determination of hydrogen sulfide in natural 
waters. Limnology and Oceanography 14(3):454-458.
DePatra, K.D., Levin, L.A. 1989. Evidence of the passive deposition of meiofauna 
into fiddler crab burrows. Journal of Experimental Marine Biology and Ecology 
125(3): 173-192
56
Everest, J. W. and Davis D. E. 1979. Studies of phosphorus movement using salt 
marsh microsystems. Journal of Environmental Quality 8:4
Fetter, C. W. Jr., 1980. Applied Hydrology. Columbus, OH : Bell and Howell, 
cl980.
pp. 61-80.
Folk, R. L., 1980. Petrology of Sedimentary Rocks. Austin, TX: Hemphill 
Publishing Company, c l 980. pp. 15-24.
Gardner, R. L. and Wolaver, T. G. and Mitchell, M. 1988. Spatial variations in the 
sulfur chemistry of salt marsh sediments at North Inlet, South Carolina. Journal of 
Marine Research 46:837-852.
Genoni, G.P, 1991. Increased burrowing by fiddler crabs Uca rapax (Smith) 
(Decapoda: Ocypodidae) in response to low food supply. Journal of Experimental 
Marine Biology and Ecology 147(2):267-285.
Haines, E. B. 1976a. Stable carbon isotope ratios in the biota, soils and tidal water of 
a Georgia salt marsh. Estuary and Coastal Marine Science 4:609-616.
Haines, E. B. 1976b. Relation between the stable carbon isotope composition of 
fiddler crabs, plants and soils in a salt marsh. Limnology and Oceanography 21:880- 
883.
Howarth, R. W., Giblin, A., Gate, J., Peterson, B. J. and Luther G. W. 1983 Reduced 
sulfur components in the pore water of a New. England Salt Marsh. Ecological 
Bulletin 35:135-152.
Hoffman, J. A., Katz, J. and Bertness M. D. 1984. Fiddler crab deposit feeding and 
meiofaunal abundance in salt marsh habitats. Journal of Experimental Marine 
Biology and Ecology 82:161-174.
Jaramillo, E. and Lunecke, K, 1988. The role of sediments in the distribution of Uca 
pugilator (Bose) and Uca pugnax (Smith) (Crustacea, Brachyura) in a salt marsh of 
Cape Cod. Meeresforschung/Reports on Marine Research 32(1 ):46- 52
Katz, L. C. 1980. Effects of burrowing by the fiddler crab Uca pugnax. Estuarine 
and Coastal Marine Science 2:233-237.
Kerwin, J. A. 1971. Distribution of the fiddler crab (Uca minax) in relation to marsh 
plants within a Virginia estuary. Chesapeake Science 12:180-183.
King, G. M., Klug, J. M. and Chalmers, A. G. 1982. Relation of soil water 
movement and sulfide concentrations to Spartina altemiflora Production in a Georgia 
Salt Marsh. Science 218:61-63.
57
Kostka, J. E. and Luther, G. W. 1995. Seasonal cycling of Fe in sediments. 
Biogiochemistry. 29(2): 159-181.
Lord, C. J. and Church, T. M. 1983. The geochemistry of salt marshes: Sedimentary 
ion diffusion, sulfate reduction and pyritization. Geochem. Cosmochim. Acta. 
47:138-1391.
Miller, D. C. 1961. The feeding mechanism of fiddler crabs, the ecological 
considerations of feeding adaptations. Zoologica 46:89-101.
Montague, C. L. 1980. A natural history of temperate western Atlantic fiddler crabs 
(genus Uca) with reference to their impact on the salt marsh. Contributions in Marine 
Sciences 23:25-55.
Montague, P, 1982. Hazardous waste landfills: Some lessons from New Jersey. Civil 
engineering -  ASCE 52(9):53-56
Nedwell, D. B. and Adam, J. 1978. Sulfate reduction in two contrasting areas of salt 
marsh sediment. Estuarine Coastal Marine Science 6:341.
O ’Connor, N. J. 1993. Settlement and recruitment of the fiddler crabs N. Carolina, 
USA, Salt, Marsh. Marine Ecology Progress Series 93:227-234.
Odum, E. P. Organic production and turnover in old field succession. Ecology 
41:34-49.
Osgood D. T. 1995. Sediment Physics- Chemistry associated with natural marsh 
development on a storm deposited sand flat. Marine Ecology. 120(l-3):271-283.
Pankhurst E. S. 1971. The Isolation and enumeration of sulfate reducing bacteria. 
Isolation of Anaerobes. Society of Applied Bacteriology 5:223-240.
Peezeski, S. R. and Delaune, R. D. 1993. Effects of soil hypoxia and salinity on gas 
exchange and growth of Spartina patense. Marine Ecology Progress Series. 1:75-81.
Postgate, J. R. 1979. The sulfate reducing bacteria. Cambridge University Press. 
London.
Ringold, P. A. 1979. Burrowing, root mat density and the distribution of fiddler crabs 
in the Eastern U.S. Jounal o f Experimental Marine Biology and Ecology 36:11-21.
Pratt, A. E., Mclain, D. K., Kirschstein, K. 2002. Intragenaric predation by fiddler 
crabs in South Carolina. Journal of Crustacean Biology. 22:59-68.
Reinsel, K. A. and Rittschof, D. 1995. Environmental regulation of foraging in the 
sand crab Uca pugilator. Jounal of Experimental Marine Biology and Ecology 
187:169-287.
58
Ringold, P. 1979. Burrowing, root mat density, and the distribution of fiddler 
crabs in the eastern United States. Journal of Experimental Marine Biology and 
Ecology. 36:11-21.
Sanchez, J.M., Otero, X.L., Izco, J. and Macias, F. 1997. Growth form and 
population density of Spartina maritime (Curtis) Femald in northwest Spain.
Wetlands 17(3):368-374.
Smith, T. J., Boto, K. G., Frusher, S. D. and Giddins, R. L. 1991. Keystone species 
and mangrove forrest dynamics: The influence of burrowing by crabs on soil nutrient 
status and forrest productivity. Estuarine Coastal Shelf Science. 33:419-432.
Taylor, D.I., Allanson, B.R, 1993. Impacts of dense crab populations on carbon 
exchanges across the surface of a salt marsh. Marine Ecology Progress series 101(1- 
2): 119-129
Teal J. M. 1958. Distribution of fiddler crabs in a Georgia salt marsh. Ecology 
39:185-193.
Vismann, B. 1996. Sulfide species and total sulfide toxicity in the shrimp Crangon 
crangon. Journal of Experimental Marine Biology and Ecology 204(1-2): 141-154.
Waisel, Y. 1972. Biology of halophytes. Academic Press, New York. 1972.
393:24.
Wolfrath, B. 1992. Burrowing o f the fiddler crab Uca tangeri in the Rio Formosa in 
Portugal and its influence on sediment structure. Marine Ecology Progress Series 
85:237-243.
59
VITA
Landon Alan Ward was bom May 2, 1975 in Dallas TX. As far back as he could 
remember he had always been interested in living things. Fortunately his parents 
always encouraged his interest no matter what creatures he brought into the house. 
When he was 12 years old, his father took him to the beaches of Galveston.
Naturally, being the collector and observer of living things that he is, he caught many 
different kinds of fishes and invertebrates and set up his first salt water aquarium. He 
knew from that point on that he wanted to study marine biology. In 1993 he was 
accepted into the marine biology program at Texas A&M University in Galveston 
Texas. Landon had a very exciting and productive undergraduate experience. Aside 
from taking many interesting classes, he also did four internships, three of which 
were at the University of Texas Marine Science Institute and one at The Virginia 
Institute of Marine Science. These internships led to two publications. In 1998 
Landon received a National Science Foundation fellowship and was accepted into the 
Graduate School at The Virginia Institute of Marine Science. He later received a 
National Estuarine research reserve fellowship, which further funded his studies. He 
defended his thesis in April 2002.
